Abstract-Millimeter-wave (mm-wave) systems suffer from an assortment of propagation and hardware challenges such as extremely high pathloss/shadowing and amplifier nonlinearity/phase noise, respectively. In this paper, we demonstrate via simulations that non-coherent frequency shift keying (FSK) can utilize the vast bandwidth at mm-wave frequencies to combat significant pathloss and shadowing in this band, while being robust to amplifier non-linearity and phase noise. To support our findings, we establish a comprehensive simulation setup and set of parameters that consider the impact of pathloss, shadowing, amplifier non-linearity, and phase noise, at mm-wave frequencies.
I. INTRODUCTION
It is anticipated that 5G cellular networks will support a significantly larger set of applications compared to 4G. These applications span sensor networks, the smart grid, the medical field, and vehicular communications [1] . Moreover, it is expected that 50 billion wireless devices will be deployed by 2020 [1] . A large portion of these devices will support machine-to-machine communications, e.g., autonomous vehicles. Hence, next generation cellular networks have to support a significantly larger number of users. To meet this demand on higher data capacity and higher data rates, 5G networks must take advantage of the frequencies in the millimeter-wave (mm-wave) band, i.e., 30-300 GHz [1] , [2] .
Given large bandwidth that is available for communications in the mm-wave band, the potential of mm-wave for establishing high speed communication links is well-understood. However, there are significant hurdles that need to be overcome before mm-wave communication systems can become mainstream. Some of these issues are related to the high freespace pathloss and shadowing that is present at mm-wave frequencies [2] , [3] . In fact, for the same transmit power and data rate, mm-wave communication systems are expected to be able to support significantly shorter links when compared to wireless systems in the microwave band [4] , [5] . Moreover, mm-wave systems are affected by other impairments such as amplifier non-linearity and phase noise that stem from the extremely high frequencies that the RF transceivers need to operate at [4] , [6] . Thus, significant efforts are being made to address these issues through the use of massive multiinput multi-output systems (MIMO) [7] , sophisticated relaying approaches [8] , physical layer designs that are robust to amplifier non-linearity [9] , and estimation and synchronization algorithms that mitigate the impact of phase noise [10] , [11] .
Although the above approaches are extremely effective at overcoming the aforementioned challenges at the mm-wave band, they add further complexity to the transceiver structures, which are already prohibitively high due to utilization of a very large bandwidth. The authors believe that simple solutions that can overcome the propagation and hardware impairments issues at this band may be better suited to utilize the vast bandwidth at mm-wave frequencies. As such, here, we focus on utilizing non-coherent frequency shift keying (FSK) for circumventing the challenges at mm-wave frequencies.
Rationale for proposing use of FSK: Due to the scarcity of bandwidth in the microwave band, non-coherent FSK has been mainly pushed to the sidelines in today's cellular networks. The M -ary non-coherent FSK utilizes a larger bandwidth as the size of the constellation, M , increases [12] . For example, a system utilizing 4 quadrature amplitude modulation (QAM) and achieving a data rate of 2 Gbps, requires 1 GHz of bandwidth. On the other hand, it can be easily calculated that a system using 4-ary non-coherent FSK and achieving the same data rate as above needs 4 times as much bandwidth or 4 GHz to be exact. However, unlike QAM or phase shift keying (PSK), where as the order of modulation set, M , increases the bit error rate (BER) of the system also increases, the BER of M -ary non-coherent FSK decreases with an increasing M [12] . Thus, M -FSK can use the large bandwidth at mmwave frequencies * to achieve multi Gbps wireless links, while also improving the BER performance of the system. The latter can help overcome the issues associated with pathloss and shadowing in this band. In other words, we are indicating that it is beneficial to sacrifice bandwidth efficiency to achieve higher data rates and better BER performance using M -FSK since there is such an abundance of untapped bandwidth that is available at mm-wave frequencies.
The remainder of this paper also shows that M -FSK has other desirable properties that make it even more suitable for mm-wave applications. In fact, via extensive simulations we show that M -FSK is extremely robust to both phase noise and amplifier non-linearity. However, a survey of literature shows that non-coherent FSK has been mainly overlooked for applications in this band. Application of M -FSK in the mmwave band has been briefly discussed in [6] . However, there are no discussions on the impact of phase noise and amplifier nonlinearity on the performance of M -FSK. In [13] , the authors briefly demonstrate the potential of FSK achieving high data rates in indoor environment at the mm-wave frequencies. However, again there are no investigations related to the effect of hardware impairments on the performance of M -FSK. The phase noise parameters for system using M -FSK has been analyzed in [14] . However, there are no performance evaluation on the actual effect of phase noise on the BER performance of M -FSK.
In this paper, we demonstrate via simulations that noncoherent FSK can utilize the vast bandwidth at mm-wave frequencies to combat significant pathloss and shadowing in this band, while being robust to amplifier non-linearity and phase noise. To support our findings, we establish a comprehensive simulation setup and set of parameters that consider the impact of pathloss, shadowing, amplifier non-linearity, and phase noise, at the 60 GHz band. Our results indicate that noncoherent FSK outperforms phase shift keying, and quadrature amplitude modulation, at mm-wave frequencies. This outcome combined with the low detection complexity of non-coherent FSK make it an attractive modulation for achieving multi Gbps wireless links at mm-wave frequencies. Moreover, the proposed comprehensive simulation setup can be applied to investigate and validate the performance of various mm-wave systems in practical settings. This paper is organized as follows: in Section II the system model for the proposed mm-wave system is presented. Section III presents an extensive simulation setup for mmwave systems that considers pathloss, shadowing, amplifier non-linearity, and phase noise, at the 60 GHz band. Section IV investigates the impact of these impairments on the performance of M -FSK, M -PSK, and M -QAM through extensive simulations. Finally, Section V concludes the paper.
II. SYSTEM MODEL
Suppose an information symbol x n ∈ C is transmitted over a wireless narrowband channel h ∈ C with additive noise ν n ∈ C, where n is the symbol index. In practice, physical radiofrequency (RF) transceivers suffer from hardware impairments such as phase noise, amplifier non-linearity, and IQ imbalance. The combined influence of these impairments can be modeled by a generalized channel model [8] , [10] , where the received signal is
where φ n corresponds to the nth sample of the phase noise and η is used to model the distortion noise that appear from the transceiver impairments, such as amplifier non-linearity and in-phase and quadrature-phase (IQ) imbalance [15] . Additive noise ν n is assumed to be white and complex Gaussian process with ν n ∼ CN (0, N o ), ∀ n, and N o is the noise power per unit bandwidth. Based on [16] , [17] , the phase noise process can be modeled as a Brownian motion or Wiener process and is given by
where the phase noise innovation ∆ n is assumed to be white real Gaussian process with ∆ n ∼ N (0, σ 2 phn ) and σ 2 phn is variance of the phase noise innovation process [10] . The distortion noise due to hardware impairments η, in (1), can be modeled as a complex Gaussian process with η ∼ CN (0, σ 2 nl P ), where P = E xn {|x n | 2 } is the average power of the information symbols and σ 2 nl is the hardware distortion noise variance [15] .
In (1), we model the wireless channel h by [2] 
where
fc is the wavelength of the carrier signal, c is the speed of light, f c is the carrier frequency, d o is the reference distance, • ψ is log-normally distributed random variable which models the shadowing effect, such that µ shad and σ shad are the mean and standard deviation of the corresponding normally distributed random variable 10 log 10 ψ, • d is the distance between the transmitter and the receiver, γ is the path loss exponent,
is the line-of-sight channel component, a = λ 2 is the antenna spacing, θ is the angle of arrival, h NLOS ∼ CN (0, 1) is the complex normally distributed non-line of sight channel component, and the contribution of h LOS and h NLOS to the overall channel is denoted by the Rician factor K R . In (3), the factors K(f c ), γ, and d correspond to the large scale fading while the factor
h NLOS corresponds to the small scale fading in the wireless channel. Note that the model in (3) seems similar to the one used for microwave communication system, however mm-wave communication systems experience high levels of phase noise, amplifier non-linearity, shadowing, and pathloss [2] . The range of practical values for mm-wave systems are detailed in Table  I .
We propose to use non-coherent frequency shift keying (FSK) modulation where the phase of two different information symbols from the modulation set is not necessarily be same and the signal is not continuous at bit transitions. The block diagrams for non-coherent FSK modulator and demodulator are given in [12] . Particularly, for orthogonality, the two frequencies from the modulation set must be integer multiple of [2] , [8] , [18] , [19] .
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other modulation schemes, such as phase shift keying (PSK) and quadrature amplitude modulation (QAM), however, we are targeting mm-wave communication where bandwidth is plentiful and is less of a concern. The main advantage of non-coherent FSK is its low detection complexity and as demonstrated in the following section through simulations, it can utilize the vast bandwidth at mm-wave frequencies to combat significant pathloss and shadowing in this band, while at the same time being robust to amplifier non-linearity and phase noise.
III. SIMULATION SETUP FOR MM-WAVE SYSTEMS
In this section, we present a simulation setup for mmwave systems that considers pathloss, shadowing, amplifier non-linearity, and phase noise. The simulation setup described below can be applied to investigate and validate the performance of various mm-wave systems in practical settings. The range of values considered for the simulation parameters in our paper is given in Table I where the details with references is given below. Note that we consider broader range of values to also test the performance of non-coherent FSK over worstcase hardware impairment and channel distortion.
Phase Noise: The effect of phase noise is more profound at high frequencies in mm-wave communication [3] . For the Si CMOS technology, it has been established in [18] that phase noise variance is σ 2 phn = 10 −3 rad 2 at f c = 60 GHz and system bandwidth = 1 MHz.
† Further, the phase noise variance increases by increasing the carrier frequency. In our simulation results, we investigate the effect of a range of phase noise variances σ 2 phn = {10 −4 , 10 −3 , 10 −2 , 10 −1 } on the system performance.
Amplifier non-linearity: The effect of hardware impairment, e.g., amplifier nonlinearity is more severe at high frequencies in mm-wave communication [3] . Particularly, hardware distortion noise variance of σ 2 nl = 0.15 is considered to be extremely high for microwave communication [8] . There is presently no amplifier non-linearity model, as the one presented in [8] , for mm-wave systems. Hence, we investigate the effect of range of distortion noise variances σ 2 nl = {0.1, 0.2, 0.3} on the performance of different modulation schemes.
Shadowing: Empirical results and experiments, conducted for mm-wave communication systems in [20] , establish that shadowing-standard deviation is σ shad = 9.13 dB at 28 GHz. Considering the fact that we study the effect of channel † Note that for constant bit rate of say 2 Mbps, the bandwidth required by non-coherent M -FSK will be M MHz and that required by M -PSK or M -QAM will be 1 MHz.
distortions over a wide range of mm-wave frequencies 50-130 GHz, particularly over 60 GHz band, we consider the range of values of σ shad = {6, 7, . . . , 12} dB to study the effect of shadowing on different modulation schemes.
Pathloss: The effect of pathloss is more significant at high frequencies in mm-wave communication due to atmospheric absorption [2] . It has been found through empirical results and experiments, conducted for mm-wave communication systems, that a signal transmitted from a 7 meter antenna height suffers from a path loss exponent of γ = 3.73 at 28 GHz [19] . In our results, we consider a range of values of path loss exponent, i.e,. γ = {3, 3.5, . . . , 5} to study its effect on different modulation schemes.
IV. SIMULATIONS RESULTS
In this section, the effect of hardware impairments and channel distortion on the performance of non-coherent FSK and different other modulation schemes, e.g., PSK and QAM, is studied through simulations. Particularly, we consider different modulation sizes, e.g., M = {4, 16, 64} for non-coherent FSK, PSK, and QAM. To model small scale fading, we set the Rician factor K R = 5 dB and the angle of arrival θ is a random number, i.e., uniformly distributed between 0 and 2π. To model large scale fading, we set the reference distance d o = 1 meter and the distance between the transmitter and the receiver is set to d = 25 meters. Unless otherwise stated, we set the other large scale fading parameters, i.e., path loss exponent γ = 4 and carrier frequency f c = 60 GHz. The average symbol power P = E xn {|x n | 2 } is set to 1 and the noise power density N o is set relative to bit energy E b , i.e, we set No = 150 dB at the transmitter translates to the value of 26 dB at the receiver if the signal attenuation due to carrier frequency f c and path loss exponent γ is ignored, as usually assumed in many papers. It is further noteworthy that
No = 150 dB is a practical value since typical base station transmits at a power of 46 dBm and typical noise density is −174 dBm/Hz. All results are averaged over 10 5 simulations with each simulation performed over a frame length of 100 symbols. The individual effect of phase noise, hardware distortion noise (due to IQ imbalance and amplifier non-linearity), shadowing, path loss exponent, and carrier frequency, over the range of values of these parameters, on the system performance is studied in the following sections (cf. Secs. IV-A-IV-C). Finally, the combined effect of all the hardware impairments and channel distortions will be studied in Sec. IV-D.
A. Effect of Phase Noise

Fig. 1 plots the bit-error rate (BER) versus
No for a fixed value of phase noise variance σ 2 phn = 10 −3 rad 2 , while the effect of range of values of phase noise variance will be studied in Fig. 2. In Fig. 1 , the range of values of
No in abscissa is between 125 and 155 dB. Again, note that if the signal attenuation of 124 dB caused by the transmission at carrier frequency f c = 60 GHz and with path loss exponent γ = 4 and d = 25 meters, is ignored,
No = {125, 130, . . . , 155} dB at the transmitter will translate to the range {1, . . . , 31} dB at the receiver, which is usually considered in many papers.
It can be observed from Fig. 1 that the application of M -PSK and M -QAM fails to achieve the BER of less than 10 −2 , even at E b No = 155 dB. As a matter of fact, the BER of a system employing M -PSK and M -QAM suffers from an error floor and the level of the error floor increases by increasing the modulation order M due to denser constellations. On the other hand, the application of M -FSK achieves a BER < 1 × 10
No = 155 dB. In addition, the BER of a system employing M -FSK decreases by increasing the modulation order M at the cost of increased bandwidth. However, we are targeting mm-wave communication where bandwidth is plentiful and is less of a concern. Even if we assume modulation size of M = 4, for which 4-FSK requires only 4 times more bandwidth compared to that required by 4-PSK or 4-QAM, BER for 4-FSK is 100 times smaller than that for 4-PSK or 4-QAM at where all other modulation schemes fails to recover the transmitted information. An important engineering insight is that the usual trend of M -FSK, i.e., increasing the modulation order M decreases the BER, is observed in the opposite way for strong values of phase noise variance σ 2 phn ≥ 10 −2 rad 2 .
B. Effect of Other Hardware Distortions
In this subsection, we study the effect of other hardware distortions, such as amplifier non-linearity and IQ imbalance, modeled by η in (1), on the performance of different modulation schemes. Fig. 3 plots the bit-error rate (BER) versus
No for a fixed value of hardware distortion noise variance σ 2 nl = 0.2, while the effect of range of values of distortion noise variance will be studied shortly in Fig. 4 . Similar to the case of phase noise as observed in Fig. 1 , it can be observed from Fig. 3 that the presence of hardware impairments has a very destructive effect on the application of M -PSK and M -QAM, i.e., the BER suffers from an error floor and is greater than 10 −2 even at dB at the transmitter (reflects to
= 26 dB at the receiver). Though, this is at the expense of increased bandwidth, but that does not matter much for mm-wave communication. It is noteworthy that for modulation size M = 4 and 64, BER for MFSK is about 100 and 3000 times, respectively, smaller than that for PSK or QAM at
In Fig. 4 , we study the effect of range of values of hardware distortion noise variance on the BER performance at fixed value of 
C. Effect of Large Scale Channel Fading
In this subsection, we will study the effect of large scale fading parameters, such as shadowing, path loss exponent, and carrier frequency, on the performance of different modulation schemes. Fig. 5 plots the BER versus shadowing-standard deviation σ shad (Fig. 5(a) ), (b) path loss exponent γ (Fig.  5(b) ), and carrier frequency f c (Fig. 5(c) ), at E b No = 150 dB at the transmitter (which corresponds to 26 dB at the receiver). For clarity, the results are plotted only for modulation sizes M = {16, 64}. As expected, the BER performance for all modulation schemes gets worse by increasing shadowingstandard deviation σ shad , path loss exponent γ, and carrier frequency f c . Fig. 5(a) displays the effect of shadowing on the system BER performance. We consider the range of values of σ shad = {6, 7, . . . , 12} dB to study the effect of shadowing on different modulation schemes. Fig. 5(a) shows that M -FSK offers smaller BER compared to M -PSK and M -QAM for the whole set of considered values of shadowing-standard deviation σ shad . Particularly, for σ shad = 9 dB, 16-FSK achieves the BER = 3 × 10 −3 which is 1.57 and 1.1 times smaller than that achieved by 16-PSK and 16-QAM, respectively. Similarly, 64-FSK achieves the BER = 3 × 10 −3 which is 8.5 and 2.3 times smaller than that achieved by 64-PSK and 64-QAM, = {1, 6, . . . , 41} dB at the receiver) with all channel distortion and hardware impairments, e.g., phase noise variance σ 2 phn = 10 −3 , hardware distortion noise variance σ 2 nl = 0.2, shadowing-standard deviation σ 2 shad = 9 dB, path loss exponent γ = 4, and carrier frequency fc = 60GHz.
respectively. Fig. 5(b) plots the effect of varying path loss exponent on the system BER performance. We consider the range of values of path loss exponent, i.e,. γ = {3, 3.5, . . . , 5} to study its effect on different modulation schemes. Fig. 5(b) shows that M -FSK offers smaller BER compared to M -PSK and M -QAM for the whole set of considered values of path loss exponent γ. Particularly, for γ = 4 dB, 16-FSK achieves the BER = 1.7 × 10 −4 which is 2.3 and 1.2 times smaller than that achieved by 16-PSK and 16-QAM, respectively. Similarly, 64-FSK achieves the BER = 1.5 × 10 −4 which is 35.3 and 4.3 times smaller than that achieved by 64-PSK and 64-QAM, respectively. Fig. 5(c) shows the BER performance for different modulation schemes and carrier frequencies. We know that mmwave band can operate in the frequency range of (30, 300) GHz. In Fig. 5(c) , we plot the results for the carrier frequency range f c = {50, 70, . . . , 110} GHz. Note that we assume same value of path loss exponent γ = 4 in Fig. 5(c) , however, atmospheric absorption due to oxygen is substantial at 60 GHz, when compared to that at other frequencies. Since, we assume d = 25 meters, signal attenuation due to oxygen absorption at 60 GHz (25 dB/km) is only 0.5 dB. Thus, same value of path loss exponent γ = 4 is used to plot the results in Fig.  5(c) . As expected, the BER increases by increasing the carrier frequency, which implies that in order to achieve the same BER at higher carrier frequencies, the supportable distance between transmitter and receiver decreases. 
D. Combined Effect of Hardware Impairments and Channel Distortions
Finally, Fig. 6 plots the most important results where we take into account the effect of all hardware impairments and the channel distortions. Specifically, we set the phase noise variance σ No = {125, 130, . . . , 165} dB at the transmitter will translate to the range {1, 6, . . . , 41} dB at the receiver, which is the range usually assumed in many papers. It can be observed from Fig. 6 that the combined effect of hardware impairments and channel distortions is very destructive on the application of M -PSK and M -QAM, i.e., the BER suffers from an error floor and is greater than 4×10 
V. CONCLUSION
In this paper, we have demonstrated the application advantages of non-coherent FSK over other modulations schemes, e.g., PSK and QAM at 60 GHz band in the presence of hardware impairments and channel distortions. Through extensive system-level simulations, we have shown that noncoherent FSK, while enjoying vast bandwidth at mm-wave frequencies, combats the severe effect of pathloss, shadowing, amplifier non-linearity, and phase noise quite better than other modulations schemes such as PSK and QAM. For example,
• Considering the effect of hardware impairments (phase noise in Fig. 1 and amplifier non-linearity in Fig. 3 ) individually, our extensive simulations show that BER for 4-ary non-coherent FSK is about 100 times smaller as compared to the BER for 4-PSK or 4-QAM at transmitter
No = 155 dB (receiver
No = 31 dB). Similarly, considering the effect of channel distortions (shadowing in Fig. 5(a) and pathloss in Fig. 5(b) No = 41 dB). This remarkable gain in terms of BER, combined with the low detection complexity of non-coherent FSK, makes it an attractive modulation for achieving multi Gbps wireless links at mm-wave frequencies. Since we have not considered coding or any receiver design to compensate the effect of hardware non-linearities, the performance comparison of different modulation schemes in their presence can be the subject of future research.
